L-Alanine has been known to be one of the essential nutrients in the spore germination of certain bacterial species (1, 2, 3) . Although the metabolic pathway of L-alanine in germinating spores has been extensively studied by several workers (4, 5) , the role of this amino acid in the spore germination is still obscure. HosHINo et al. (6) employed Aspergillus niger conidia instead of bacterial spores and showed that L-alanine plays an important role in the nucleic acid metabolism in the early phase of germination.
They also noticed that the fate of L-alanine is quite similar to that of CO2 in the germinating conidia (7) . The present investigation was performed to compare and clarify the role of C02, alanine and other amino acids in spore germination, employing Marburg strain of Bacillus subtilis as the test organism.
The results indicate that CO2 is not an essential factor for bacterial spore germination as it is in fungal conidia germination, and that L-alanine appears to play an important role in RNA metabolism during the processes of germination and outgrowth ; during the latter process the concomitant presence of L-glutamate is required. 1.32 g ; Na2SO4, 1 g ; MgSO4.7 1120, 100 mg ; MnSO4.4 1120, 10 mg ; FeSO4.7 1120, 10 mg ; CaC12, 5 mg ; and pH adjusted to 7.0. Inoculum was 1 mg of dry spores per 1 ml of medium.
MATERIALS AND METHODS

Organism
For testing the effect of amino acids on germination, a desired amino acid(s) was added to this basal medium but without L-alanine, L-glutamic acid and L-asparagine.
The course of germination was followed by measuring optical density at 550 m, & and by examining microscopically the stainability with methylene blue. Under the culture conditions, the optical density decreased by 54% during the initial 20 min and the stainability changed rather abruptly showing the high synchrony of germination.
Fractionation and analysis of cellular components. Cellular components were fractionated by the method of SCHMIDT-THANNHAUSER (10) . The duration of the 5% perchloric acid (PCA) extraction was 18 hr at 0°. The phosphorus content in the acid soluble fraction was determined by KING'S method (11) . RNA and DNA were estimated, respectively, by the orcinol (yeast RNA as standard, 10) and BURTON'S method (calf thymus DNA "Sigma" as standard, 12).
Incorporation of alanine-14C into spores.
For the alanine-14C incorporation experiments, the concentration of L-alanine in DEMAIN'S medium was reduced to 10°0 of the original concentration and to this was added L-alanine-U-14C (Daiichi Pure Chemicals & Co.; specific activity, 2-5 me per mmole) at a final concentration of 0.1 is per ml. For the estimation of the incorporation into whole cells, 1 ml samples were taken at intervals from the culture, filtered by suction through a membrane filter (Membranfiltergesellschaf t, Nr. 1) and washed thoroughly with water.
The cell sample thus collected on a membrane filter was attached on a planchette, dried and the radioactivity measured. In fractionation experiments, cells collected from a 10 ml sample by centrifugation were subjected to fractionation by the SCHMIDT-THANNHAUSER method.
Some fractions containing PCA were neutralized with K0H and the radioactivity of each fraction estimated. The radioactivity distribution among RNA bases was examined as follows: after hydrolysis of the RNA fraction with 60% PCA at 100° for 30 min, an aliquot was paper chromatographed on a whatman No. 1 filter paper strip with a solvent system of isopropanol-HCl-water (34:8:8) and the radioactivity of each section of 1 cm in length scanned.
RESULTS
Effect of CO2 on germination
YANAGITA (7) found that A. niger conidia cannot swell nor germinate in a complete medium in the absence of CO2. To examine this possibility in B. subtilis spores, the spores were cultured in complete DEMAIN's medium with vigorous bubbling of air freed from CO2 by repeated washings with KOII solutions.
Experiments showed that the spores were able to germinate as rapidly as those cultured in the same medium with vigorous bubbling of atmospheric air.
Effect of alanine, asparagine and glutamate on germination and outgrowth To study further the findings of HACHISUKA et al. (13) and DEMAIN (9) , the effects of L-alanine, L-asparagine and L-glutamate on the germination and mltarnwth warp axaminad Ac in Ti'ia• 1 A xXThAn tI1 IT xxTpra 1ddAd fn f.ha ha.s~.1 medium singly, alanine and asparagine were as effective as the complete medium in inducing germination, whereas glutamate was almost ineffective. In these cases, however, no sign of spore outgrowth (increase in optical density and stainability) was observed until 10 hr even in the complete medium.
This seemed to be caused by an oxygen deficiency resulting from the static cultivation.
When the culture was aerated, outgrowth of spores after 5.5 hr was noticed in the complete medium (Fig. 1B) . In the presence of alanine and glutamate, germination and outgrowth also Cultivations of heat-shocked spores were performed in DEMAIN's media (Complete) being deprived of either one or two of 3 amino acids, e. g., L-alanine (Ala), L-asparagine (Asp) and L-glutamate (Glu).
A. Cultivation without shaking in media containing single amino acids noted (control being complete medium).
B. Cultivation with shaking in media containing pairs of amino acids noted (control being complete medium).
UCHIYAMA, TANAKA and YANAGITA VoL. 11 occurred normally when the culture was shaken vigorously. Thus it seems highly probable that the growth response of this spore to these amino acid is dependent on the oxygen supply.
In the following experiments cultivations were performed with vigorous aeration or shaking.
Changes in cellular components during growth under different culture conditions
To examine biochemically the growth responses of spores under different culture conditions, changes in amounts of cellular components were followed employing the fractionation method of SCHMIDT-THANNHAUSER. Culture media used were complete DEMAIN's medium and the basal media supplemented with (1) L-alanine plus L-glutamate and (2) L-alanine only. In the alanine-glutamate medium, spores germinated and outgrowth ensued as normally as observed in the complete medium, and in the alanine medium only germination occurred. Fig. 2 indicates comparative data on changes in amount of cellular fractions as influenced by those culture conditions. The acid soluble phosphorus compounds increased at a similar rate in both cases during the initial 3 hr with about 30 min delay in the alanine medium, and a remarkable difference in the rate was observed after 3 hr of cultivation ;
1 ime in Hours medium.
subtilis spores in the presence of outgrowth they increased abruptly and in the absence leveled off. It is noteworthy that appreciably no net increase in RNA and DNA was observed in the absence of outgrowth, while a characteristic stepwise increase of RNA and a delayed increase of DNA just prior to cell division were observed in the presence of outgrowth.
When spores were cultured in complete DEMAIN's medium, courses of increases in these cellular components were quite similar to those in the alanine-glutamate medium.
Alanine-14C uptake under different culture conditions Since L-alanine has been found to be effective in inducing germination, the course of alanine uptake into intact spores was followed using L-alanine-U-14C as tracer.
Media used were (1) complete DEMAIN's medium containing L-alanine (1 mM) together with L-glutamate and L-asparagine, (2) basal medium supplemented with L-alanine (1 mM) plus L-glutamate, and (3) the latter with L-alanine (1 mM) only. To each one of these media was added alanine-14C at a final concentration of 0.1 is/ml. Fig. 3 illustrates the courses of uptake under these culture conditions. The most active uptake without appreciable lag was observed in the Time in t-icLrs alanine-glutamate-asparagine medium (DEMAIN's medium).
In the alanineglutamate-medium, in which germination and outgrowth occurred, a slight but definite uptake was noticed during germination and an active uptake ensued after the germination, whereas in the alanine medium, in which only germination occurred, the course of initial uptake was almost similar to that in the alanine-glutamate medium and after 3 hr the rate of uptake decreased, showing a marked contrast to that in the alanine-glutamate medium.
It should be recalled that such a divergence observed after 3 hr between spores cultured in the two media was also demonstrated in the course of increase in the acid soluble phosphorus compounds (Fig. 2) .
Incorporation of alanine-14C into cellular fractions To follow the fate of L-alanine taken up into spores during growth, the incorporation of alanine-14C into cellular fractions was examined. Spores were cultured in complete DEMAIN's medium containing 1 mM L-alanine and 1,uc/ml L-alanine-U-14C.
As seen in Fig. 4 , the course of incorporation of alanine-14C into various fractions extracted by the SCHMIDT-THANNHAUSER method may be divided at least into 3 phases. The first phase (0-15 min) is characterized by a rapid and remarkable increase in radioactivity of the acid soluble fraction and by a definite increase in that of the RNA fraction.
In the second phase (15-60 min) the rates of increases in the acid soluble and RNA fractions were retarded temporarily and later accelerated again.
Characteristic is the third phase (after 60 min) in which the radioactivity of the acid soluble fraction decreased rather abruptly, while those of the RNA, DNA and the residual fractions increased actively.
Among macromolecular constituents in spores, RNA was found to be labeled definitely during the initial 15 min irrespective of the absence of its net increase as already remarked in Fig. 2 . To ascertain the initial labeling of RNA, the RNA fraction obtained from spores cultured for 30 min in the presence of alanine-14C was hydrolyzed with PCA, paper chromatographed and radioactivity scanned as described in Materials and Methods.
The result indicated in Fig. 5 clearly shows that uracil was labeled specifically at a high rate.
A peak observed at Rf 0.87 is considered 
DISCUSSION
Spores of B. subtilis seem to be different from conidia of Aspergillus in that the germination process is independent of the presence of CO2. On the other hand, the dependency of germination of spores on L-alanine in B, subtilis is as decisive as in Aspergillus.
YANAGITA (14) describes that in A. niger conidia 14CO2 is taken up immediately after the onset of germination, and L-alanine-14C after a short lag, and that these labeled compounds were found to be incorporated into nucleic acids and protein.
Interesting findings are those of YANAGITA (7) and HosmNo et al. (6) who showed that labeling patterns of nucleic acid bases as observed by a short exposure to these tracers were almost identical with each other.
These observations suggest that the metabolic activities in the early germination are directed toward biosyntheses (or modifications) of some important cellular components employing various extraand intracellular materials as building blocks. Recent investigations in this laboratory using Aspergillus oryzae conidia have shown that such important cellular substances for driving germination are related to some molecular species of RNA. It is indeed worth mentioning that the nucleic acid metabolism during the course of sporulation and germination in bacterial spores has been receiving special attention in this research field (15) (16) (17) (18) . The present work seems to correlate preceding data regarding the requirement of L-alanine with RNA synthesis in germinating spores. In this spore, processes of germination and outgrowth can be separated by nutritional conditions. In the presence of L-alanine in a basal medium, only germination proceeds, whereas in the presence of L-alanine plus L-glutamate, germination is followed by active outgrowth. With respect to the net syntheses of nucleic acids during the germination period (30 min in duration), no appreciable increase could be observed in spores grown in the L-alanine medium and in the L-alanine plus L-glutamate medium. Quite a remarkable difference in this respect was observed between these spore cultures only after the germination had been completed, as seen in Fig. 2 . Although no net increase of RNA was found during germination, it was clearly demonstrated that when fed with L-alanine-14C spore RNA was labeled definitely during this period : a 30 min exposure of spores to L-alanine-14C resulted in an uneven labeling of RNA bases, showing the strongest radioactivity in uracil. It is of interest to refer to our recent finding that in germinating conidia of A. oryzae 14C02 is actively incorporated into RNA irrespective of the absence of a net increase in RNA (19) . From these observations, it may be considered that some minor portions of RNA synthesized (or modified) in the course of germination play an important role in driving the spore germination. In an earlier paper of HARRELL and HALVORSON (20) , they stated that there was no detectable metabolism of L-alanine during spore germination of Bacillus terminalis as examined by the consumption of L-alanine-14C and by the formation of 14C02. It should, however, be mentioned that in their experiment the duration of exposure to L-alanine-14C was only 45 sec. Therefore, it is highly probable that the metabolic conversion of Lalanine into C02 in germinating spores might not be demonstrated because of its low activity.
A direct analysis of spore components after the labeling with L-alanine-14C may afford much information on the role of L-alanine in bacterial spore germination.
SUMMARY
Employing spores of Bacillus subtilis (Marburg strain), the role of L-alanine in the germination was examined. Spores of this organism can germinate in the presence of L-alanine or L-asparagine in a chemically defined medium but can outgrow only when L-glutamate is present in addition to either one of these amino acids.
When the spores were grown in the alanine medium, in which only germination was induced, no net increase in nucleic acids was observed, whereas in the alanine-glutamate medium, in which germination and outgrowth occurred, a stepwise increase in RNA was demonstrated showing an appreciable lag during the germination period. When the spores were fed with L-alanine-14C, a slight but definite uptake of the tracer into spores was noticed during germination.
This was confirmed by cell-fractionation experiments.
A definite incorporation of L-alanine-14C into the RNA fraction during early germination was clearly demonstrated.
The finding that the labeling of RNA with the tracer amino acid in the absence of net increase in RNA during germination is discussed as compared with similar observations in germinating Aspergillus conidia.
